Disclaimer: This document has been reviewed in accordance with United States Food and Drug Administration (FDA) policy and approved for publication. Approval does not signify that the contents necessarily reflect the position or opinions of the FDA nor does mention of trade names or commercial products constitute endorsement or recommendation for use. The findings and conclusions in this report are those of the authors and do not necessarily represent the views of the FDA.
which can be particularly longlasting (Koppelmans et al., 2012) . Overall, the findings are not entirely conclusive due in part to baseline cognitive deficits which may exist prior to chemotherapeutic treatment. In a recent review (McDougall et al., 2014) , the results of studies investigating cognitive impairment in breast cancer patients were described as inconsistent. Perhaps more convincing are imaging studies documenting neural alterations in women who received chemotherapy for breast cancer. As reviewed by McDonald and Saykin (2013) , structural MRI studies have described decreased gray and white matter, particularly in the frontal and temporal lobes. Results from such imaging studies provide physiological and anatomical evidence for PCCI.
A clear understanding of the mechanisms involved in PCCI would provide important information for potential treatment or therapeutics. There has been limited preclinical research on the neurotoxic effects of chemotherapeutics because the first reports in 2006 (Dietrich et al., 2006; Lee et al., 2006) . Although not entirely consistent [as reviewed in Seigers and Fardell (2011)] , the majority of studies have indicated significant chemotherapeutic-induced cognitive deficits in laboratory rodents, particularly in hippocampal-dependent assessments. For example, deficits in contextual fear conditioning (Christie et al., 2012; Macleod et al., 2007) , novel object/location recognition (Seigers et al., 2015; Yang et al., 2010) , and water maze performance (Briones and Woods, 2011) have been described. Such deficits, however, are not always apparent in those assessments (Lee et al., 2006; Long et al., 2011) , especially when more humanrelevant doses are used (Seigers et al., 2015) .
An examination of the animal models used in previous studies of chemotherapeutic-induced behavioral alterations indicates that there are some potentially significant differences between those models and the human patient. For example, some studies intended to model chemotherapeutic-induced cognitive deficits in breast cancer patients have used male rodents (eg, Christie et al., 2012) . PCCI in men who received chemotherapeutics is a valid focus (Amidi et al., 2015) ; however, PCCI in women with breast cancer must be modeled in a female subject.
It was our goal to use a model which would be maximally translational in nature. To this end, 2 common chemotherapeutics were selected for study: Doxorubicin (DOX) and cyclophosphamide (CYP) and their combination. Categorization of breast cancer patients from a MarketScan database and a Cancer Registry-Medicare database indicated that the combination of DOX (trade name: Adriamycin) and CYP (trade name: Cytoxan) was a very common chemotherapeutic regimen during (Barcenas et al., 2014 . Female ovariectomized mice served as subjects. Women with breast cancer who received CYP or other alkylating agents experienced a 40%-80% prevalence rate of amenorrhea (Overbeek et al., 2017) while those who received CYP and DOX treatment experienced a 64% prevalence rate (Gadducci et al., 2007) . Further, CYP treatment can reduce serum estrogen levels in laboratory rodents (Jarrell et al., 1987; Plowchalk and Mattison, 1992) . Due to the well-known effects of estrogen on cognitive function (Chisholm and Juraska, 2013; Luine, 2014) , ovariectomized female rodents are suggested as the most appropriate model for these types of studies (Macleod et al., 2007) . In addition, because long-lasting effects of PCCI have been reported (Koppelmans et al., 2012) , a comprehensive behavioral assessment with sufficient duration to detect both acute and long-term effects would be valuable. Finally, because DOX and CYP are typically administered intravenously (IV) to humans, the route of administration here was also intravenous.
Although others have used similar models (Macleod et al., 2007; Rendeiro et al., 2016; Salas-Ramirez et al., 2015) , few have comprehensively surveyed for long-term behavioral effects.
MATERIALS AND METHODS

Animals and Housing
Nonlittermate female C57BL/6J (B6) mice (The Jackson Laboratory, Bar Harbor, Maine; stock No. 000664) (n ¼ 80) were used for this study. All mice were ovariectomized at approximately postnatal day (PND) 56 at the Jackson Laboratory (service No. SRG0046) and arrived at the NCTR on PND 62. Mice were individually housed in standard polycarbonate cages with ad lib access to food (NIH-41 open formula rodent irradiated diet) and water in a vivarium with a 12/12 h light/dark schedule (lights on at 0900) and temperature of 22 6 1 C and 45%-55% humidity.
The NCTR is AAALAC accredited and all animal procedures were approved in advance by the NCTR Institutional Animal Care and Use Committee.
Treatment
After a 2-week acclimation period, each mouse was assigned to 1 of the 4 treatment groups based on body weight such that each group had approximately the same average weight. Treatment groups were administered 2 mg/kg DOX hydrochloride (LKT Laboratories, Inc., St. Paul, Minnesota) (DOX; n ¼ 20), 50 mg/kg CYP monohydrate (Sigma Aldrich, St. Louis, Missouri) (CYP; n ¼20, but see below), 2 mg/kg DOX and 50 mg/kg CYP (DOX þ CYP; n ¼ 20), or saline vehicle control (SAL; n ¼ 20). Drugs were mixed in sterile physiological saline. One mouse in the CYP group died shortly after the first injection due to events unrelated to treatment; thus, the CYP group contained 19 subjects. New dosing solutions were mixed every 4 weeks. Dose certification analyses were performed on each dose via HPLC-PDA by the Division of Biochemical Toxicology/NCTR. All doses were determined to be within 89%-110% of the targeted concentrations. Doses were selected based on the typical human chemotherapeutic doses and the study focus. Typical CYP doses for breast cancer treatment range from 1 to 5 mg/kg (see http://www. empr.com/cyclophosphamide/drug/2059/; last accessed July 1, 2017). For a mouse, the CYP dose of 50 mg/kg (150 mg/m 2 ) is equivalent to a human dose of 4.1 mg/kg (151.7 mg/m 2 ). The typical DOX dose for human breast cancer patients is 40-75 mg/m 2 (https://www.drugs.com/dosage/doxorubicin.html; last accessed July 1, 2017). The chosen DOX dose of 2 mg/kg (6 mg/m 2 ) is equivalent to a human dose of 0.16 mg/kg (or 5.9 mg/m 2 ), slightly below what is typically given to breast cancer patients. However, in previous studies of mice treated IV with DOX (Desai et al., 2013 (Desai et al., , 2014 , there were significant indications of toxicity at a cumulative dose of 3 mg/kg (here, the cumulative DOX dose is 8 mg/kg); specifically, platelet counts were elevated. Furthermore, body weight was decreased by a cumulative dose of 6 mg/kg and a cumulative dose of 12 mg/kg caused indications of cardiotoxicity (ie, elevated cardiac troponin T plasma levels) as well as decreased organ weights. Because the focus here is on the potential long-lasting effects of DOX, it was essential that the mice survive 10 weeks post-treatment without severe toxicity. Thus, the selected weekly DOX dose was 2 mg/kg.
Beginning on PND 76, each mouse was injected IV weekly via 1 of the 2 lateral tail veins for 4 weeks (ie, on PNDs 76, 83, 90, and 97). Briefly, each was placed in a 39 C animal warmer for 5 min to vasodilate the tail vein for better visualization prior to placement in a restrainer. The tail was swabbed with 70% ethanol and subsequently injected. Following injection, gentle pressure was applied to the tail vein injection site to ensure that the dosing solution was not lost. With the exception of normal animal husbandry and daily measurement of body weights and food and water intake, the mice were undisturbed during this time. On PNDs 98-170, each was tested on series of behavioral tasks (see the section "Behavioral Testing" and Table 1 ).
Body Weight, Food, and Water Intake Body weight and food and water consumption were recorded daily during drug treatment (ie, PNDs 76-97) and weekly thereafter. Table 1 lists age at each behavioral assessment as well as the number of days after the last drug treatment (ie, the 4th injection). Most behaviors were assessed multiple times posttreatment. Anxiety-like behavior was assessed via behavior on an elevated plus maze and each subject was placed on the apparatus for a 5 min session at PNDs 111, 139, and 167. However, the low contrast of a dark mouse on a narrow black Perspex apparatus on the videorecordings prohibited accurate behavioral assessment for this task and it will not be described further.
Behavioral Testing
Locomotor activity. The procedure for locomotor activity assessment has been described in detail (Ferguson et al., 2013 (Ferguson et al., , 2015 . Briefly, each mouse was placed in 1 of the 12 Plexiglas chambers for 30 min on each of 2 consecutive days. Each subject was tested in the same chamber for the 3 test times (ie, (127) (128) (153) (154) . Urine and feces were removed after each session but no alcohol or detergent was used. Horizontal and vertical (rearing) activities were automatically recorded via a 16Â16 array of photobeams (PAS-Open Field, San Diego Instruments, San Diego, California) interfaced with a computer. Endpoints included total horizontal activity (sum of lower beam breaks/session), total vertical activity (sum of upper beam breaks/session), distance traveled/session (cm), and speed traveled/session (cm/s).
Motor coordination and grip strength. Motor coordination and grip strength were measured as described (Ferguson et al., 2015b Fore-and hind-limb grip strength was assessed subsequent to motor coordination testing. The tester allowed the mouse's forepaws and then hindpaws to grasp bars attached to a strain gauge (Chatillon Model DPP, San Diego Instruments, San Diego, California), and the mouse's body was then quickly pulled away. Each subject received 2 consecutive trials at each of the 3 test times. Force (kg) measured for the 2 forelimb and the 2 hindlimb trials was averaged for each prior to analysis.
Home cage behavior. Home cage behavior was assessed similar to that previously reported for rats (Ferguson et al., 2015a) . Clean cages identical to the normal home cage were placed on a metal housing rack that was modified to ensure the cages remained stationary. A video camera faced the longest side of each cage. Infrared backlighting allowed dark period recording. Cameras were interfaced with computers with HomeCageScan software (CleverSys Inc., Reston, Virginia) which automatically categorized each subject's behaviors in real-time. Each subject was placed into a test cage 2 h after the beginning of the light-period and behaviors were recorded for 24 h on PNDs 101-102, 125-126, and 155-156. The dark/light schedule in the test room was identical to that of the normal housing room and animals had ad lib access to food and water. Hourly durations of locomotion, immobility, "in place" activity, and rearing were used as primary endpoints for statistical analyses (see Supplementary Online Material Part 12 in Ferguson et al., 2015 b for a detailed description of these behaviors). Following each 24 h test session, subjects were returned to their original cages and housing room.
Water maze performance. Spatial learning and memory were assessed in a white circular water maze (119.4 cm diameter) similar to that previously described (Ferguson et al., 2013) . A small white platform (6 cm diameter) was located 1 cm below the water surface and 30.2 cm from the tank wall in the northeast quadrant for the first test time (ie, PNDs 104-108) and in the southwest quadrant for the second test time (ie, PNDs 132-136). The water was made opaque with white nontoxic paint (Crayola, Easton, Pennsylvania) and maintained at 24 C.
Clearly visible large cues were located on the test room walls, and the human tester remained in the same location throughout each test trial. An overhead camera interfaced with a computer and software (Water 2100, HVS Image, UK) recorded each subject's behavior. Each test time consisted of 4 consecutive sessions of 3 trials/ day (ie, acquisition) followed on the fifth day by a single probe trial. During acquisition, each mouse was gently placed in the water maze facing the wall from 1 of the 7 locations excluding the location immediately next to the platform (ie, northeast and southwest starting locations were excluded for the first and second test times, respectively). If the subject failed to find the platform within the maximum allotted 120 s, it was gently placed onto the platform for 20 s. If the subject found the platform, it remained there for 20 s. Between each trial, each subject was placed in a clean housing cage lined with dry towels. Intertrial intervals were 210 s. After each trial, any feces were removed from the maze and the water was gently stirred to dissipate potential odor cues around the platform. The platform was removed during the probe trial on the fifth day and each subject was released from the location opposite the former location of the platform (ie, southwest for the first test time and northeast for the second test time) and behaviors were recorded for 60 s. Acquisition endpoints included latency to reach the platform (or the maximum trial duration of 120 s if the animal failed to locate the platform), path length (m), swim speed (m/s), percentage time floating (duration of swim speeds less than 0.05 m/s), and percentage time in thigmotaxis behavior (duration spent 11.9 cm or less from the wall). Endpoints were averaged over the 3 daily trials during the 4 acquisition days prior to analysis. During the probe trial, percentage time spent in the formerly correct quadrant of the water maze, number of crossings over the former platform location, and swim speed (m/s) were recorded.
Buried food test. Olfaction and food motivation were assessed on PNDs 113, 140, and 168 via the buried food test as described (Yang and Crawley, 2009 ). To habituate subjects to the reinforcer, a small piece of breakfast cereal (Kroger Fruit Rings Cereal, Kroger, Cincinnati, Ohio) was placed in each subject's home cage for 2 consecutive days prior to the test. Each cage was inspected the following morning to ensure complete consumption. On the afternoon prior to testing, all food was removed from each subject's home cage. On the following day, each subject was allowed 5 min to habituate after being placed in a clean cage with 3 cm of fresh hardwood bedding. The subject was briefly removed and one-fourth of a cereal piece was buried in 1 of the 4 cage corners 1 cm below the bedding level which was then smoothed even. The subject was placed back into the test cage and latency to retrieve and begin eating the cereal piece was recorded by a trained observer blind to treatment conditions (max 10 min).
Object location memory and novel object recognition. Object location memory was assessed similarly to that described (Vogel-Ciernia and Wood, 2014) . The testing apparatus consisted of 1 of the 4 black Plexiglas chambers 41 Â35Â49 cm. Each chamber was illuminated with an overhead 25 W incandescent bulb in addition to ambient fluorescent room lighting which produced an average illumination of 99.75 lux at the apparatus floor. Four magnets were located beneath the floor in the corners of each chamber (10 cm from each neighboring wall) which allowed the test objects to be firmly secured to the floor. Inverted glass votive candle holders (item No. 424472, Koyal Wholesale, Fullerton, California) with the opening covered with a Plexiglas piece and magnet served as objects. Between trials, the testing apparatus and objects were cleaned with 70% ethanol and allowed to dry.
On the day prior to testing, each subject was placed in an empty apparatus chamber for 5 min for habituation. The following day, each subject was placed in the same chamber which now had 2 identical objects on 1 side of the chamber and allowed to explore for 10 min after which, each was returned to its home cage for 1.5 h. One object was then moved 15 cm to the other side of the chamber and the subject was again placed in the chamber and allowed to explore for 10 min. Object locations and which was designated as stationary or relocated were randomized and balanced across treatment groups. Each subject was tested in a different but identical apparatus chamber on the second object location memory test time (ie, PND 170). Thus, there were 3 exposures to the apparatus chambers at each test time: A 5 min habituation trial followed on the subsequent day by a 10 min familiarization trial with 2 identical objects and then 1.5 h later, the 10 min test trial in which 1 of the objects was relocated. Each test trial (ie, the trial when 1 object was relocated) was video recorded with an overhead camera interfaced with a computer. TopScan software (CleverSys Inc., Reston, Virginia) automatically recorded the duration of sniffing each object via the software's "sniffing module". The percentage preference for the relocated object was calculated as: ([duration sniffing the relocated object]/[duration sniffing the relocated object þ duration sniffing the stationary object]) Â100. Because the vast majority of activity occurred during the first half of the test trial, only the first 5 min were analyzed.
Novel object recognition was assessed using the same testing apparatus chambers and methods except that in the test trial, objects remained in the same locations but one of the glass votive candle holders was replaced with an interlocked set of square Lego type blocks (Mega Bloks, Target, Minneapolis, Minnesota) which had a magnet and Plexiglas piece glued to the bottom. Duration of sniffing each object was recorded and percentage preference for the novel object was calculated as: ([duration sniffing the novel object]/[duration sniffing the novel object þ duration sniffing the familiar object]) Â100. Similar to what was done for object location memory testing, only the first 5 min of the 10 min test trial were analyzed.
Barnes maze. Spatial learning and memory were assessed using a Barnes maze in a manner similar to that described for rats (Ferguson et al., 2015a; Johnson et al., 2016; Rosenfeld and Ferguson, 2014) . The maze consisted of a round white Plexiglas surface 92 cm in diameter with 20 holes (each 5.5 cm diameter) evenly spaced around the perimeter. For each subject, one of the holes led to a small dark escape box and the remainder had false bottoms. Location of the escape hole was pseudorandom and balanced across treatment groups. Three overhead 500 W halogen lamps and the ambient fluorescent room lighting produced an illumination of 3680 lux at the maze surface. For habituation and on the first day only of each of the 2 test times, each subject was placed into the escape box which was then covered for 2 min. Subsequently, the subject was then placed in an opaque tube (16 cm diameter) in the center of the maze. Lifting of the tube initiated the trial. If the subject failed to find the escape box within the maximum allotted 300 s, it was gently guided to it and allowed to remain inside for 15 s before being returned to its home cage. If the subject located the escape box, it remained inside for 15 s before being returned to its home cage. The 4 subsequent days of testing were conducted in the same manner but without the 2 min habituation period inside the escape box. Trials were videorecorded by an overhead camera interfaced with a computer. TopScan software (CleverSys, Reston, Virginia) calculated latency to reach the escape box (s), distance traveled (m), and speed (m/s).
Golgi Staining and Tissue Preparation
Subjects were sacrificed 30 min after the last object location memory test on PND 170. Brains were removed immediately following cervical dislocation. Half brains (n ¼ 4/treatment group) were subjected to Golgi-Cox staining. Samples were immersed in mercuric chloride solution for impregnation for 2 weeks and subsequently immersed in postimpregnation buffer for 2 days. Half brains were then cut at 200 mm in 1Â phosphate buffered saline (PBS) using a microtome. Samples were placed into wells and washed with 0.01 M PBS buffer (pH 7.4) with Triton X-100 (0.3%; PBS-T) and subsequently stained with ammonium hydroxide solution and then immersed in a poststaining buffer (superGolgi kit, Bioenno Tech, LLC, Santa Ana California). Sections were then washed in PBS-T and mounted on 1% gelatin-coated slides and allowed to dry. Sections were then dehydrated with ethanol solutions, followed by cleaning in xylenes, and coverslipped with Permount (Fisher Scientific, Pittsburgh, Pennsylvania).
Spine Density and Spine Morphology. Spine analyses were conducted blind to treatment conditions on coded Golgi impregnated brain sections containing the dorsal hippocampus. Spines were examined on dendrites of dentate gyrus granule neurons as well as apical (stratum radiatum) and basal (stratum oriens) dendrites of CA1 and CA3 pyramidal neurons. Neurons that satisfied the following criteria were selected for analysis in each of the treatment groups: (1) presence of untruncated dendrites; (2) consistent and dark Golgi staining along the entire extent of the dendrites; and (3) relative isolation from neighboring neurons to avoid interference with analysis (Titus et al., 2007) . Three to 5 dendritic segments, each at least 20 nm in length (Magarinos et al., 2011) , were analyzed per neuron, and 6-7 neurons were analyzed per brain. Neurons that met staining criteria were traced using a 60Â oil objective, a computerized stage, and Neurolucida software (Ver. 11, MBF Bioscience, Inc., Williston, Vermont).
Antioxidant Analysis
To gauge oxidative stress in the hippocampus, the antioxidant activity of superoxide dismutases (SODs) and total glutathione (GSH) and glutathione disulfide (GSSG) levels were measured. The percentage of GSSG was calculated from the total levels of GSH and GSSG. Superoxide dismutase activity was measured in cell homogenates as previously described (Spitz and Oberley, 1989) . MnSOD activity was measured as previously described on hippocampal homogenates prepared on ice in 50 mM potassium phosphate buffer. MnSOD activity is measured based on the competition between MnSOD and an indicator molecule (nitroblue tetrazolium) that reacts with superoxide generated by xanthine/xanthine oxidase in the presence of 5 mM sodium cyanide to inhibit CuZnSOD activity (McCord and Fridovich, 1969) . Total glutathione (GSH) levels were determined in a recycling assay that spectrophotometrically measures the reduction of Ellman's reagent (DTNB) (Sigma-Aldrich Corp., St. Louis, Missouri) to 2-nitro-5-thiobenzoate (TNB) in the presence of glutathione reductase (Sigma-Aldrich Corp.) as described (Anderson, 1985; Griffith and Meister, 1979) . Biochemical data were normalized to protein content as previously described (Lowry et al., 1951) .
Chemokine and Cytokine Analysis
Hippocampi samples were homogenized in 200 ml of ice-cold PBS with cOmplete Protease Inhibitor Cocktail Tablets (Roche, Switzerland) added. Homogenized samples were centrifuged at 500Â g for 10 min at 4 C. Supernatants were collected and centrifuged at 15 000Âg for 5 min at 4 C. Supernatants were collected and shipped to Quansys Biosciences (Logan, Utah). Analysis of cytokine biomarkers was assessed using the QPlex Mouse Cytokine Screen (Quansys, Logan, Utah), which utilizes enzyme-linked immunosorbent assays (ELISA)-based chemiluminescence. Cytokines evaluated include Interleukins (IL-1a, IL-1b, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12p70, IL-17), monocyte chemoattractant protein-1 (MCP-1), interferon gamma (IFNc), tumor necrosis factor alpha (TNF-a), macrophage inflammatory protein 1 alpha (MIP-1a), granulocyte macrophage-colony stimulating factor, and the regulated on activation, normal T-cell expressed and secreted chemokine (RANTES). The concentration of each cytokine was quantified with the Q-View Software (Quansys). Quansys extrapolated any values that outside the standard curve. Cytokine data are expressed as picograms per milliliters protein.
Data Analysis
Data for measures of body weight, food and water intake, motor coordination, grip strength, water maze probe trial, buried food test, and object location memory were analyzed using repeated measures analyses of variance (ANOVA) with drug treatment, day or test time, and the interaction as factors. Novel object recognition endpoints were analyzed using one-way ANOVAs with drug treatment as the independent variable. For object location memory and novel object recognition, single sample t-tests determined if the percentage preference for the relocated or novel object differed from zero. Locomotor activity, home cage behavior, water maze acquisition, and Barnes maze performance were analyzed using a generalized repeated measures linear model with drug treatment, test time, and session or trial nested within test time as factors. Spine morphology and antioxidant activity were analyzed via one-way ANOVAs with drug treatment as the independent variable. Cytokine levels were analyzed with independent t-tests. All analyses were conducted with a ¼ 0.05 and significant effects were followed up by post hoc comparisons or analysis of simple effects as appropriate. All analyses were conducted using SAS 9.4 (SAS Institute, Inc., Cary, North Carolina).
RESULTS
Body Weight
During the drug treatment period, there was a significant PND by drug treatment interaction (F[84, 1960] ¼ 2.14, p ¼ .003) (see Figure 1, left) . In general, all groups exhibited minor weight loss following each injection although this was somewhat less so for the SAL group. The greatest difference between groups was less than 0.5 g and analysis of simple effects failed to detect any significant differences; thus, the differences are unlikely to be clinically meaningful. After drug treatment (ie, during behavioral testing), there were no significant effects involving drug treatment (see Figure 1 , right). However, there was a significant main effect of PND (F[10, 750] ¼ 334.9, p < .0001), indicating all groups gained weight throughout the study.
Food and Water Intake
Analysis of food intake during drug treatment indicated a significant main effect of PND and a marginally significant PND by drug treatment interaction (F[81, 1404] ¼ 1.46, p ¼ .057) (data not shown). All groups consumed less food in the 24 h following each injection and gradually increased consumption until the next treatment time. Following the first injection, CYP-treated mice consumed less food than the SAL group. Prior to the second and fourth injections, the DOX þ CYP group consumed more food than SAL-treated mice. Otherwise, no treatment group differed from the SAL group. Food intake during behavioral testing was not affected by prior drug treatment, but there was a main effect of week on average food intake (F[11, 748] ¼ 55.03, p < .001). There was some week-to-week variation in the amount of food consumed, but the greatest observed difference between weeks was only 1.16 g. Analysis of water intake during drug treatment indicated a significant main effect of PND (F[18, 1674] ¼ 16.67, p < .001) (data not shown). Although water intake varied day to day, the greatest difference between days was only 2.28 ml, and there was no clear pattern to the variation. Likewise, water intake was not affected by drug treatment during behavioral testing, but there was a significant main effect of week on average intake (F[24, 488] ¼ 72.69, p < .001). Generally there was little variation in water intake, but during the final week of testing there was a decrease in water intake. 
Locomotor Activity
Motor Coordination and Grip Strength
There were no significant effects involving drug treatment on latency to fall, distance traveled, or maximum rpm, but there was a significant main effect of test time on each of those endpoints (all F's > 7.0 and p's < .0001) (data not shown). In general, all groups improved their performance over test times; that is, longer latencies, increased distance traveled and increased maximum rpm. There were no significant effects of drug treatment, test time, or the interaction on measures of forelimb or hindlimb grip strength (all F's < 2.31 and p's > .13; data not shown).
Home Cage Behavior
There was a significant drug treatment by test time interaction for locomotion duration (F[6, 145] ¼ 4.62, p < .001) (see Figure 2 , top). During the first test time, the CYP group exhibited longer locomotion durations than the SAL group (p < .05). During the second and third test time, no group differed significantly from the SAL group. There was also a significant effect of hour nested within test time (F[69, 5060] ¼ 58.6, p < .0001) for locomotion duration. All groups exhibited longer durations during the first test time for most hours, except between 3 PM and 9 PM (the latter half of the light cycle). For the most part, there were no significant differences between the second and third test times. Likewise, there was a significant drug treatment by test time interaction for immobility duration (F[6, 145] ¼ 3.05, p ¼ .008) (see Figure 2 , bottom). During the first test time, the CYP and DOX þ CYP groups exhibited decreased immobility durations than the SAL group (p < .05). All groups had higher immobility durations during the second and third test times, but there were no significant effects involving drug treatment. Additionally, there was a significant effect of hour within test Generally, all groups were more immobile during the second and third test times. From 1 AM to 6 AM (the latter portion of the dark phase), all groups were more immobile during the third test time than the second. Analysis of "in place" activity durations indicated a significant drug treatment by test time interaction (F[6, 145] ¼ 2.64, p ¼ .02); however, no drug treated group differed from the SAL group (data not shown). "In place" activity durations were greater during the second and third test times than the first. The effect of hour within test time was significant for "in place" activity durations (F[69, 5060] ¼ 29.39, p < .0001). There were increased durations of "in place" activity during the second and third test times relative to the first, and all groups displayed increased "in place" activity during the first 2 h of the first test. There was a marginally significant main effect of drug treatment for rearing (F[3, 75] ¼ 2.47, p ¼ .068), indicating that CYP and DOX þ CYP groups reared somewhat more than the SAL group (data not shown). Further, there was a significant effect of hour within test time (F[69, 5060] ¼ 60.18, p < .0001). All groups reared more during the first test time than the second and third test times for the initial 3 h of testing and the first four hours of the dark phase. Otherwise, there were no significant differences between tests at any given hour. Supplementary Table 2 Table 2 ). There were no effects of drug treatment, test time, or the interaction on the number of crossings of the platform's prior location (F's < 2.05) (data not shown). There was no effects involving drug treatment for swim speed during the probe trial, but there was an effect of test time (F[1, 75] ¼ 21.41, p < .001) with mice swimming faster during second test time (data not shown).
Water Maze Performance
Buried Food Test
Analysis of latency to find the cereal piece indicated a trend toward a drug treatment effect (F[3, 51] ¼ 2.497, p ¼ .07) (data not shown). Although not statistically significant, mice treated with CYP or DOX þ CYP took longer to find and consume the food piece. There were no significant differences between the 3 test times on this measure.
Object Location Memory and Novel Object Recognition
Overall performance on the object location memory task was generally poor with no group exhibiting a strong preference for the relocated object. There was no significant effect of drug treatment, but there was a test time effect (F[1, 75] ¼ 5.34, p ¼ .02) which indicated all groups performed slightly better on the Duration of locomotor activity. During the first test time, the CYP group was more active than the SAL group (*p < .05). There were no statistically significant effects during the second and third test times. Bottom: Duration of immobility.
During the first test time, the CYP and DOX þ CYP groups were less immobile than the SAL group (*p < .05). There were no statistically significant effects during the second and third test times.
second test time (data not shown). Likewise for the novel object recognition task, single sample t-tests indicated that there was no significant preference for the novel object and no effect of drug treatment (data not shown). Supplementary Table 3 shows latency and distance traveled by group and test time. There were no significant effects involving drug treatment on latency to reach the escape box or distance traveled. For both measures, there were significant effects of day within test time (F[8, 598] ¼ 8.57 and 14.32, respectively, p < .001). All groups exhibited shorter latencies and distance traveled on all days of the second test time relative to the first test time. Likewise, there was no effect of drug treatment on speed, but there was a significant effect of day nested within test time (F[8, 598] ¼ 9.69, p < .001) (data not shown). There were no differences between tests on the speed traveled except on the last day of testing when mice were slower during the second test time than the first.
Barnes Maze
Changes in Spine Density and Spine Morphology
Dentate gyrus. Overall spine density in the DG was not altered by treatment (F[3, 28] ¼ 2.39, p ¼ .09; Table 2 ). Analyses of the density of different spine types indicated a significant main effect of drug treatment on the density of stubby spines (F[3, 28] ¼ 5.91, p < .01; Table 2 ). Relative to the SAL group, all treatment groups exhibited a significant decrease in stubby spine density (DOX, p < .01; CYP, p < .01; DOX þ CYP, p < .05). There were no significant effects detected in the analyses of the densities of mushroom spines or thin spines.
CA1 and CA3 pyramidal dendrites. Spine type and density for the CA1 and CA3 apical and basal cells for each treatment group are shown in Supplementary Table 4. In CA1 apical pyramidal dendrites, there were no significant effects in the analysis of the overall density of spines. In addition, analysis of spine type did not indicate significant effects in thin, stubby, or mushroom spines. In the basal pyramidal dendrites of the CA1 region, overall spine density was also unaffected after treatment. Likewise, there were no significant effects in the analyses of thin, stubby, or mushroom spines.
In the CA3 apical pyramidal dendrites, there were no significant effects in the overall density of spines. In addition, analyses of spine types did not indicate any significant effects in thin and stubby spines but there was a marginally significant effect for mushroom spine density (F[3, 12] ¼ 3.09, p ¼ .06). Similar to that observed in CA3 apical spine analysis, drug treatment did not significantly affect the overall density in CA3 basal spines. Likewise, there were no significant effects in the analyses of thin, stubby, or mushroom spine densities.
Antioxidant Assays
Drug treatment did not significantly affect levels of GSH or GSSG (data not shown). Analysis of MnSOD levels did not indicate a significant drug treatment effect, but CuZnSOD levels were significantly increased in the DOX þ CYP group relative to the SAL group (data not shown).
Hippocampal Cytokine/Chemokine Assays Supplementary Table 5 shows the levels of 13 hippocampal cytokines. Due to assay costs, available tissue amounts, and few significant behavioral effects, only samples (n ¼ 6) from the DOX þ CYP and SAL groups were assayed. Levels of IL-1b (t ¼ 4.55, p < .01), IL-6 (t ¼ 2.50, p < .05), and IL-12 (t ¼ 2.79, p < .05) in DOX þ CYP-treated mice were significantly decreased compared with SAL-treated mice. Levels of 3 analytes (IL-17, MIP-1a, and RANTES) were too low for further analysis. For the remaining 10 analytes, cytokine/chemokine levels were not significantly different between DOX þ CYP-and SAL-treated mice.
DISCUSSION
Chemotherapeutic-induced cognitive alterations are reported to be relatively common and have been best described for women with breast cancer. To better understand such potential deficits, ovariectomized female mice were treated IV with DOX, CYP, or DOX þ CYP and a wide range of behaviors was assessed as well as hippocampal spine densities, brain antioxidant activity, and hippocampal cytokine levels. Body weight was acutely decreased by the injections, but food and water intake were only mildly affected. Overall, there were few significant behavioral alterations and only stubby spine density in the dentate gyrus and hippocampal IL-1b, IL-6, and IL-12 levels were affected by drug treatment. These results suggest that, at these doses of 2 common chemotherapeutics, there are few significant effects in the endpoints measured here.
Every attempt was made to decrease the stress associated with the tail vein injections; however, body weight of all groups decreased in the days following treatment. Body weights subsequently recovered and there were no long-term effects. Others have reported no effect of CYP (Janelsins et al., 2016) or DOX þ CYP (Philpot et al., 2016 ) treatment on murine body weight, although some have found significant reductions following treatment with DOX (Desa et al., 2013; Zombeck et al., 2013) , CYP, or DOX þ CYP (Seigers et al., 2015) .
There were few significant behavioral effects of drug treatment. Specifically, there were no effects on open field locomotor activity, motor coordination, grip strength, or buried food test performance. A general increase in activity was observed in mice treated with CYP or DOX þ CYP during home cage monitoring at the first test time but not subsequent times. Doxorubicin (Zombeck et al., 2013) and DOX þ CYP þ 5-fluorouracil (Rendeiro et al., 2016) DOX þ CYP (Salas-Ramirez et al., 2015) treatments were shown to decrease the open field activity of rats. Similar to our findings, others have described unaltered motor coordination in rodents after chemotherapeutic treatments (Bon et al., 2003; Iarkov et al., 2016; Rendeiro et al., 2016; Zombeck et al., 2013 ). There appears to be only 1 study that examined the effects of DOX or CYP treatment on grip strength. Contrary to the results in mice described here, 10 mg/kg DOX IV in nonovariectomized (intact) female rats reduced both hind-and forelimb grip strength and resulted in a 10% decrease in muscle mass (Maurissen et al., 2003) . This is likely due to the substantially higher dose of DOX in that study. We are not aware of previous reports of chemotherapeutic effects on olfaction or buried food test performance in rodents. Although we describe here an initial increased activity in the home cage activity assessment, it has been reported that DOX treatment decreased running on a residential running wheel (Zombeck et al., 2013) and DOX and CYP treatment decreased home cage activity (Seigers et al., 2015) . Increased home cage activity was observed during the first test time but a similar increase was not apparent in open field activity which likely reflects the enhanced fidelity afforded by a 24 h observation period in a familiar environment.
Here, there were no significant effects of chemotherapeutic treatment on spatial memory in water maze or Barnes maze performance, but all groups exhibited performance improvements during the second test time. Previous reports of DOX and CYP treatment effects on water maze performance are varied. Mice that were trained in the water maze prior to DOX þ CYP treatment showed no deficits during re-training of the task, although females, but not males, displayed recall deficits during a probe trial (Philpot et al., 2016) . Likewise, ovariectomized female mice treated with DOX þ CYP þ 5-fluorouracil exhibited water maze acquisition and recall deficits (Rendeiro et al., 2016) . Further complicating the literature, CYP treatment was reported to improve the water maze performance of young, but not old, rats (Lee et al., 2006) although CYP þ 5-fluorouracil treatment had no effect in rats (Long et al., 2011) . It was reported that CYP þ DOX treatment had no effects on Barnes maze performance of male mice, but in a version of a "probe trial" the treated mice spent less time in the previously correct area (Seigers et al., 2015) . Although the drug treatments here did not induce spatial memory impairments, the significant behavioral improvements between the first and second test times allow a measure of confidence in these results. That the platform and escape box were relocated between the test times and the subjects displayed improved performance during the second test time is likely due to prior experience with the test apparatus suggesting that they retained some memory for the environments and tasks over the 3-week inter-test time.
Performance on the object location memory and novel object recognition tasks was relatively poor. For the most part, no group displayed preference for the relocated or novel object. In fact, the mice spent the vast majority of the session in the corners of the apparatus. For example, in the novel object recognition task, the duration of novel or familiar object investigation was only 7.2% (M ¼ 21.68 6 1.20 s) of the analyzed portion of the recognition trial. Similarly, others have reported that male mice treated with DOX or CYP did not perform significantly better than chance on these tasks (Seigers et al., 2015) . In rats, the effects of DOX or CYP treatment are more complex with some studies reporting deficits in object location memory (Iarkov et al., 2016; Kitamura et al., 2017; Salas-Ramirez et al., 2015) whereas others reported no effects on the same task (Lyons et al., 2011) or novel object recognition (Salas-Ramirez et al., 2015). Further, some have suggested that ovariectomized mice perform poorly on these tasks even in the absence of drug treatment Walf et al., 2008) .
Here, CYP, DOX, and CYP þ DOX treatments decreased the density of stubby spines in the dentate gyrus, which could hamper the management of previously acquired information (Gonzalez-Burgos et al., 2007) . Previous studies have shown that chemotherapeutic treatment can alter the number and morphology of dendritic spines (Andres et al., 2014; Groves et al., 2017; Lomeli et al., 2017; Zhou et al., 2016) , and CYP treatment has been shown to reduce dendritic spine length, volume, and complexity in the dentate gyrus of athymic nude rats (Acharya et al., 2015) . Dendritic spines are important for the transfer of information between neurons and are the sites of neurotransmitter exchange (Andersen, 1990; Von Bohlen und Halbach et al., 2006) . Their numbers can be indicative of the amount of information that is transferred between neurons (Leuner and Shors, 2013) , and the various types of spines are characteristic of the synapse strength. For example, mushroom and stubby spines allow for more receptor anchoring. Because of their strong excitatory potential, mushroom and stubby spines are more stable, and are able to last for longer periods of time, thus earning the role of memory spines (Harris and Stevens, 1989; Peters and Kaiserman-Abramof, 1970) . Given the lack of drug effects on the spatial memory tasks here, it is difficult to interpret the stubby spine density decrease and this effect awaits replication.
There were no significant changes due to drug treatment in levels of GSH, GSSG, or MnSOD. However, DOX þ CYP treatment caused a significant increase in CuZnSOD levels, which are likely from cytosolic sources. This could be a response to increased levels of superoxide. However, we were unable to measure hippocampal levels of reactive species due to limited tissue amounts. Both CYP and DOX treatment are associated with oxidative stress. For example, CYP and its metabolites have been linked to antioxidant depletion (Crook et al., 1986a,b; Lind et al., 1989) , and CYP administration in mice caused oxidative damage (ie, lipid peroxidation) (Bhatia et al., 2006) . DOX administration can induce peripheral cytokines which can cross into the CNS. Once in the CNS, local cytokine production occurs which may lead to oxidative imbalance (Aluise et al., 2010; Gutierrez et al., 1993; Osburg et al., 2002) . DOX treatment has been reported to increase TNF-a in murine cortex and hippocampus (Tangpong et al., 2006; Usta et al., 2004) , which can lead to overproduction of reactive species (Szelenyi, 2001; Tangpong et al., 2008) . Similarly, increases in several hippocampal cytokines, including IL-1b, were identified following 5-fluorouracil treatment in aged mice in which altered hippocampal dendritic complexity was also described (Groves et al., 2017) . Here, hippocampal levels of IL-1b, IL-6, and IL-12 were decreased approximately 10 weeks after the last DOX þ CYP treatment in ovariectomized mice. Although cytokines are multifunctional proteins acting in intricate networks and often performing dual roles, IL-1b, IL-6, and IL-12 are generally considered proinflammatory cytokines (Monastero and Pentyala, 2017; Park et al., 2017; Ramesh et al., 2013) . In particular, IL-1b production is regulated by the inflammasome, a multiprotein oligomer component of the innate immune system, and plays a key role in acute and chronic inflammation (Ren and Torres, 2009) . IL-12 is a ligand for the JAK-STAT signal transduction pathway inducing a chief proinflammatory signaling cascade (Monastero and Pentyala, 2017) . When its receptor is located on the same cell, IL-6 can also promote inflammation via the JAK-STAT pathway (Monastero and Pentyala, 2017; Scheller et al., 2011) . Although the results found here would appear to contradict much of the literature, it is important to note the time course following drug treatment and the relatively small decrease in observed cytokine levels. Although a rapid increase in proinflammatory cytokines following chemotherapy might be expected based on clinical literature, hippocampal levels may have diminished or cytokine soluble receptors may have upregulated following the weeks of behavioral testing. Given the likely role of inflammation in PCCI, it would be of interest to explore markers of reactive microglia in this model. A preliminary screen of hippocampal expression of 8 genes associated with reactive microglia (Cd68, Tnf, Il6, Nos2, Fcgr3, Mrc1, Arg1, and Chil3) using quantitative polymerase chain reaction indicated that drug treatment had no effects on the expression of most of these genes, but CD68 and Tnf expressions were decreased in CYP-and DOX þ CYP-treated mice (data not shown). However, we were unable to fully explore this given the limits of available tissue.
It is important to note the potential limitations of our study. B6 mice were used as they are one of the most common and well characterized strains available. However, this strain may not have been the most suitable for determination of the cognitive effects of chemotherapeutics. For example, B6 and other strains of mice were more resistant to the pain-related behavioral changes following an acute CYP IP injection (Bon, Lichtensteiger, Wilson and Mogil, 2003) , and CYP metabolism has been reported to differ between inbred strains of mice (Pukhalsky et al., 1990) . On the other hand, B6 mice were described as more susceptible to the effects of the chemotherapeutic topotecan than FVB mice (Seigers et al., 2016) . Although incorporation of multiple strains in any study is costly, the results would be methodologically informative and could reveal potential genetic elements of vulnerability or resistance to PCCI.
We examined neuronal morphology using Golgi staining, which requires a great deal of tissue as adjacent tissue sections are needed to reconstruct individual neurons. Therefore, the analyses here were limited by the available tissue, despite harvesting the brains of all mice in the study. Additional histopathological examinations would add to the knowledge of the effects of DOX and CYP on neuronal stress and survival at the local level. Although functional imaging is costly, future preclinical studies of the effects of chemotherapeutics in vivo in real time would be very valuable.
Given the few significant effects of DOX and CYP treatment here, it is possible that the doses were too low to elicit effects. This is unlikely to be the case for DOX treatment based on pharmacokinetics results (Collins et al., 1986; Gustafson et al., 2002) ; however, there is some indication that males may be more sensitive to certain DOX-induced toxicities (eg, cardiotoxicity) (Jenkins et al., 2016) . Nevertheless, CYP has been shown to be metabolized more rapidly by mice than humans (Voelcker et al., 1984) . Additionally, it may be worthwhile to perform baseline behavioral assessments prior to treatment which might detect very subtle cognitive effects of chemotherapy treatment. PCCI is a complex phenomenon occurring in the presence of the disease state itself, the psychological stress accompanying the disease (Hermelink et al., 2017) , as well as the effects of the drugs used to treat the disease. Because PCCI affects some, but not all, patients suggests that multiple factors are at play. Further clinical work considering the effects of the disease state, the stress associated with cancer, and the doses and types of chemotherapeutic drugs are warranted. Those results can then guide the preclinical studies to examine mechanisms of and potential treatments for PCCI.
The current study was designed specifically to increase the translational nature of the results through use of an appropriate animal model of PCCI. Specifically, ovariectomized mice resembled and controlled for premature menopause that often occurs in breast cancer patients undergoing chemotherapeutic treatment. Two frequently used cytostatic agents were studied individually and in combination via an IV route at doses reflective of those used in humans to further mimic the clinical situation. Further, behavioral assessments continued for approximately 2 months after the last treatment to detect any long lasting or late emerging effects. Given the results here, we look forward to increased research in this area.
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